Rearrangement of immune receptor loci is a developmentally controlled process that takes place exclusively in lymphoid cells. We have used a stable transfection system in pre-B cells to show that DNA methylation brings about histone underacetylation, histone H3(K9) methylation, DNaseI resistance, and strong inhibition of both transcription and recombination. Strikingly, this repression is maintained in dividing cells even after removal of the original methyl groups responsible for its establishment, but in this state, rearrangement can now be induced by reacetylation of local histones using the drug Trichostatin A. This same combination of demethylation and histone acetylation is also required to activate germline transcription and recombination from the endogenous locus in vivo. These results indicate that the regulation of rearrangement is carried out by a multilayered synergistic process. L ymphocyte development is characterized by the assembly of B and T cell antigen receptors. Variable region gene segments are flanked by conserved recombination signal sequences (RSSs) that serve as a substrate for two lymphoid specific proteins, Rag1 and Rag2 (1-3), which together with other enzymes mediate rearrangement. Despite the fact that all these rearrangement reactions are mediated by universal RSSs on the DNA and are carried out by the same set of enzymes, recombination takes place in a programmed, cell type-specific, locussequential manner (3, 4), suggesting that this regulation is carried out at the level of locus accessibility.
Rearrangement of immune receptor loci is a developmentally controlled process that takes place exclusively in lymphoid cells. We have used a stable transfection system in pre-B cells to show that DNA methylation brings about histone underacetylation, histone H3(K9) methylation, DNaseI resistance, and strong inhibition of both transcription and recombination. Strikingly, this repression is maintained in dividing cells even after removal of the original methyl groups responsible for its establishment, but in this state, rearrangement can now be induced by reacetylation of local histones using the drug Trichostatin A. This same combination of demethylation and histone acetylation is also required to activate germline transcription and recombination from the endogenous locus in vivo. These results indicate that the regulation of rearrangement is carried out by a multilayered synergistic process. L ymphocyte development is characterized by the assembly of B and T cell antigen receptors. Variable region gene segments are flanked by conserved recombination signal sequences (RSSs) that serve as a substrate for two lymphoid specific proteins, Rag1 and Rag2 (1-3), which together with other enzymes mediate rearrangement. Despite the fact that all these rearrangement reactions are mediated by universal RSSs on the DNA and are carried out by the same set of enzymes, recombination takes place in a programmed, cell type-specific, locussequential manner (3, 4) , suggesting that this regulation is carried out at the level of locus accessibility.
Although little is known about the mechanisms that repress unscheduled gene rearrangement, one of the main players in this process must be DNA methylation (5) . In the case of the mouse locus, there is clear-cut evidence that demethylation actually precedes and may be required for normal recombination to occur in vivo during B cell development (6) . In keeping with this concept, it has been demonstrated that DNA methylation can inhibit rearrangement both in cell culture (7, 8) and in transgenic mice (9) , possibly through its effect on histone acetylation and chromatin structure (10, 11) .
We used a simple recombination substrate in a stable transfection system to demonstrate that initially the presence of DNA methylation serves to establish a repressed chromatin structure characterized by DNaseI insensitivity and local histone H4 deacetylation, as well as H3 methylation on lysine 9. Removal of this methylation does not itself release the lock on recombination, but it does make the locus more susceptible to histone modification, which can activate transcription and recombination. The endogenous locus is also subject to a similar control mechanism. These results serve as a model for understanding both the general repression of rearrangement in nonlymphoid cells as well as the multilayered sequential process of chromatin opening that occurs during lymphoid differentiation.
Materials and Methods
Plasmid. pMX-RSS-EGFP was constructed by inserting the 0.8-kb fragment containing the enhanced GFP (EGFP) isolated from pEGFP (CLONTECH) flanked by the 12-and 23-RSSs into pMX (12) . The EGFP is in the reverse orientation relative to the 5Ј LTR. The murine stem cell virus (MSCV)-Rag2-IRESRag1 vector was kindly provided by Sara Cherry (Harvard Medical School, Cambridge, MA). The Rag2 ribosomal entry site (IRES)-Rag1 cassette was subcloned into MSCV (13) and cut with EcoRI͞SacI, a digest that removes the phosphoglycerate kinase promoter driving the neo gene.
Cell Culture and Drug Treatment. The 38B9 mouse pre-B cells (14) were treated with 10 ng͞ml Trichostatin A (TSA) (Sigma) for 24 h before examining the degree of V(D)J recombination or local transcription. p53 Ϫ/Ϫ and p53 Ϫ/Ϫ ͞Dnmt1 Ϫ/Ϫ fibroblasts (described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www. pnas.org) were treated with 50 ng͞ml TSA for 24 h to study germ-line transcription and Rag-induced double-strand breaks (DSBs). cells were retrovirally infected with the pMSCV-Rag2-IRES-Rag1 retroviral vector for 5 h as described (16) , and 24 h later TSA (50 ng͞ml) was added for an additional 24 h. mega), and RT-PCR analysis of unrearranged EGFP molecules was performed by using P1 with P8 and P2 with P7 (see Fig. 2 Upper). RT-PCR analysis of germ-line transcription was carried out by using primers GL1 and GL2 for detecting the 0.8-kb RNA, and GL3 and GL4 for the 1.1-kb RNA. ␤-actin (using ␤-actin1 and ␤-actin2, Table 1 ) and adenine phosphoribosyltransferase (Aprt) (using Aprt1 and Aprt2) gene products were used to measure the amount of cDNA in the RT-PCR reactions. Both RT-PCR conditions were the same as described above for the ␤-actin gene in the ChIP assay. Rag1 and -2 RNA molecules were measured by using Rag1L and Rag1R, Rag2L and Rag1R ( fibroblasts) was subjected to linker ligation followed by PCR using primers L1 and BW3 for detection of J1 signal ends (see Fig. 6 and Table 1 ). PCR products were analyzed by Southern blots using the radioactive L5 oligonucleotide as a probe.
Methylation in Vitro and

Results
Methylation Inhibits EGFP Reporter Gene Rearrangement. To study V(D)J recombination, we used a reporter plasmid composed of an EGFP gene sequence flanked by two RSSs. This DNA was methylated in vitro by using HhaI and HpaII methylases, and both the modified and unmodified constructs were stably cotransfected individually into the 38B9 pre-B cell line, which expresses Rag1 and Rag2 activities. Southern blot analysis of DNA from representative colonies (see Supporting Materials and Methods) revealed that in most cases the methylated construct remained modified, the unmethylated EGFP stayed unmodified (Fig. 1B) , and these patterns were stable for many generations. We found, however, that several of the methylated-EGFP-containing clones underwent extensive spontaneous demethylation after several months of growth in culture ( Fig. 1B; see Table 2 , which is published as supporting information on the PNAS web site).
To measure the potential of each type of DNA to undergo rearrangement in vivo, special oligonucleotides were designed for detecting rearranged molecules by PCR analysis (Fig. 2) . Unmethylated transfected genes undergo a high degree of active recombination. In contrast, no rearranged products were obtained with DNA from clones transfected with methylated EGFP constructs ( Fig. 2 and Table 2 ), and dilution analysis indicated that we could have detected rearrangement at levels 10,000-fold less than that observed for the unmethylated DNA (data not shown). Because only Ϸ10% of the CpG residues (HpaII and HhaI sites) on the test vector were actually methylated in these experiments, it is possible that this effect is even stronger in vivo, where the density of methylation may be higher. These results are consistent with previous experiments in other systems that also show that DNA methylation inhibits recombination (7) (8) (9) .
In striking contrast to this strong correlation, no rearrangement was observed in clones that had undergone spontaneous demethylation ( Fig. 2 and Table 2 ). To demonstrate that the integrated demethylated DNA itself had not lost its intrinsic ability to undergo rearrangement, we amplified the EGFP reporter gene from one of the demethylated lines by PCR, cloned the products into a new plasmid vector, and then retransfected this DNA in unmethylated form back into wild-type 38B9 cells. Similar transfections were also carried out with total genomic DNA isolated from dm-clone2, by using Neo selection to identify those cell colonies that acquired the EGFP vector region. After both of these rescue procedures, the EGFP reporter DNA underwent rearrangement at about the same level as the original unmethylated vectors (Fig. 7 , which is published as supporting information on the PNAS web site). This repre- The EGFP reporter gene was methylated in vitro by using HhaI and HpaII methylases, and both the modified and unmodified constructs were cotransfected with a plasmid carrying the neo r selection gene into 38B9 cells. Neomycinresistant colonies were expanded and then used to prepare DNA for Southern blot analysis. DNA from unmethylated (um), methylated (m), and demethylated (dm) clones (cl) was digested with NcoI͞EcoRI with or without HhaI and HpaII and was subjected to blot hybridization using the EGFP radioactive probe (A). Similar results were obtained from all of the unmethylated (26), methylated (25) , and demethylated (7) clones used in this study. Although this analysis examines only the methylation state of a subset of sites within the EGFP regions, all of the HpaII and HhaI sites shown in the figure were assayed by methyl-sensitive PCR and shown to be Ͻ10% methylated in the demethylated clones. sents clear-cut proof that the demethylated templates had not undergone any change in primary sequence that could prevent rearrangement, and it demonstrates functionally that the repressive state can be maintained even though the DNA has lost the ability to reestablish repression. In light of these results, we conclude that the inability of the spontaneously demethylated EGFP molecules to undergo rearrangement is a result of chromatin structural features that were initially set up by methyl groups on the transfected DNA and apparently remain in place, even after demethylation.
DNaseI Sensitivity of the Transfected EGFP Recombination Reporter
Genes. Because previous studies demonstrated that DNA methylation plays a role in the establishment of inactive chromatin (20-23), we next analyzed DNaseI sensitivity for each substrate.
To be able to directly compare active and inactive templates in a single experiment, cells from methylated clones were mixed with cells from either unmethylated or demethylated clones before the preparation of nuclei and DNaseI treatment. The digested DNA was extracted and cut with EcoRI͞SacI in the presence or absence of HhaI to distinguish between methylated and unmethylated EGFP molecules and was then subjected to blot hybridization (Fig. 3A) . As shown in Fig. 3B , unmethylated exogenous DNA is more sensitive to DNaseI than its methylated counterpart. However, DNA that was initially methylated and in a closed chromatin conformation remains inaccessible to DNaseI even after the methyl groups themselves Table  2 ). These results may explain the inaccessibility of these templates to Rag1 and Rag2 and thus their inability to undergo rearrangement.
Histone Modification and V(D)J Recombination. We next tested whether histone modification (24-28) may be responsible for the methylation effects seen in the above experiments. To this end, we examined the histone H4 acetylation state of nucleosomes in the EGFP region by using a ChIP assay. Mononucleosomes were first isolated from stably transfected cell lines and anti-acetylated (Ac) H4 antibodies were used to specifically precipitate the highly acetylated fraction. DNA was isolated from the unbound and bound mononucleosomes taken from individual transfected clones and tested for sequence content by the PCR (Fig. 4A) .
For each cell line, we first showed that ␤-actin gene sequences are enriched as compared with a nonexpressed gene (␣-actin) (29) . When the transfected sequences were assayed in these same mononucleosomal DNA fractions, we found that the unmethylated EGFP copies were highly enriched (20-fold) in the bound fraction (Fig. 4C ) and thus must be packaged in an open chromatin structure. In contrast, methylated EGFP sequences were enriched for acetylation to a much lesser degree. Similar results were also obtained when this experiment was done on pooled, as opposed to individual, colonies ( Fig. 4C and Table 2 ).
We next carried out ChIP on mononucleosomes isolated from transfected 38B9 cells by using an antibody specific for Me-H3(K9), which is associated with inactive genes (30) . In this case, the inactive ␣-actin gene is highly enriched in the bound fraction as compared with ␤-actin sequences. Strikingly, we found that the unmethylated EGFP transgene is packaged with nucleosomes carrying relatively unmethylated H3(K9) (less than ␣-actin, for example), whereas methylated DNA is enriched for Me-H3(K9) in this assay (Fig. 4 B and C) . It should be noted that these effects of DNA methylation on histone modification are probably not just an indirect consequence of local transcription, because even nontranscribed bacterial sequences behave in a similar manner when introduced into cells in culture (data not shown). Thus, taken together, our results show that the presence of DNA methylation directly affects local histone modification states, which may in turn be involved in modulating accessibility to the rearrangement machinery.
In light of these results, one might have expected that EGFP sequences would undergo repackaging to an active nucleosome structure after spontaneous demethylation. ChIP analysis, however, clearly shows that the core histones present on this DNA actually retain their inactive state, with H4 being relatively unacetylated and H3 still highly methylated at the lysine 9 residue (Fig. 4C) . Thus, the ability to undergo rearrangement appears to be directly correlated with chromatin structure.
Activation of Rearrangement by TSA. The fact that methylated DNA is packaged into a nucleosome structure containing underacetylated histones suggests that this feature participates in the prevention of gene rearrangement. To test whether this is the case (8, 29) , we treated cells with the histone deacetylase inhibitor, TSA (31) , and then examined the degree of recombination. When TSA was added to cells containing the EGFP constructs, neither unmethylated nor methylated DNA were affected. Unmethylated DNA retained its normal degree of rearrangement, whereas methylated DNA remained resistant to recombination (Fig. 5A) even after the addition of high concentrations of TSA (data not shown). Strikingly, however, DNA substrates that had undergone spontaneous demethylation responded to TSA with at least a 5,000-fold increase in rearrangement, reaching a level similar to that observed for the original unmethylated DNA clones (Fig. 5A and Table 2 ). These results
Fig. 3. DNaseI sensitivity of the methylated, unmethylated, and demethylated EGFP reporter genes. (A) Cells from methylated EGFP-containing clones
were mixed with cells from unmethylated or demethylated clones before nuclei preparation and subsequent DNaseI treatment. The digested DNA was further cut with EcoRI͞SacI and HhaI, to distinguish between methylated and unmethylated EGFP molecules, and subjected to blot hybridization using the radioactive probe indicated in Fig. 1 A. (B) The graph (based on phosphorimaging of the blot) shows EGFP reporter gene DNaseI sensitivity of methylated, unmethylated, and demethylated clones. Similar results were obtained by using pools of methylated or demethylated clones (data not shown and Table 2 ).
indicate that the inactive state can be maintained for many generations in culture even in the absence of the original methyl moieties responsible for its establishment.
Activation of Transcription by TSA. Because the EGFP construct contains an intact LTR viral promoter, we were able to determine whether the reporter genes used in our experiment also undergo RNA synthesis in conjunction with the ability to undergo rearrangement. When we used a RT-PCR assay (Fig.  5B) , we detected a strong signal from unmethylated reporter sequences tested in several different individual clones (Table 2) . In contrast, transcription from methylated DNA was strongly repressed (Ϸ5,000-fold). We also analyzed a number of clones that underwent spontaneous demethylation to varying degrees. Strikingly, these templates remained almost totally inactive (Fig.  5B) . With the addition of TSA, however, transcription was increased to control levels (Fig. 5B) , even though this drug had almost no effect on methylated templates (Table 2) . When treated cells were grown in the absence of TSA for many generations, all resulting subclones retained a high activity level (Fig. 5C ), suggesting that histone deacetylation itself may be required for maintenance of the inactive state. Furthermore, these findings also confirm that the original repression seen for this transgene must have been caused by DNA methylation and was not a result of intrinsic silencing at the site of integration.
To test whether the endogenous locus behaves in a similar manner, we used a p53 Ϫ/Ϫ ͞Dnmt1 Ϫ/Ϫ fibroblast cell line developed in our laboratory (Supporting Materials and Methods). Unlike in wild-type or p53
fibroblasts, almost all (95%) of the CpG residues in these cells are unmethylated (data not shown), even though these cells were actually descended from embryos that must have undergone methylation at the time of implantation (see Supporting Materials and Methods). As shown in Fig. 6A , no germ line (GL) transcription could be detected in either cell type, even by using sensitive RT-PCR analysis. In contrast, RNA synthesis from both the proximal (0.8-kb transcript) and the distal upstream promoter (1.1-kb transcript) (32) was strongly induced by treatment with TSA, but only from the unmethylated cells (Fig. 6A) . This may represent a more general phenomenon, because other methylated genes apparently behave in a similar manner (33) .
In light of these results, we then asked whether the endogenous locus can also be made available for rearrangement in nonlymphoid cells. To this end, we introduced expression vectors for the Rag1 and Rag2 genes into p53 Ϫ/Ϫ and p53 Ϫ/Ϫ ͞Dnmt1 Ϫ/Ϫ cells, and we verified by using RT-PCR that these genes are indeed expressed after transfection (Fig. 6B) . Rearrangement potential was determined by assaying for DSB at the J1 RSS using LM-PCR. Strikingly, specific DSBs were observed exclusively from the unmethylated templates, and only after TSA treatment. Thus, in a manner similar to the reporter transgenes, the endogenous locus appears to be repressed synergistically by both DNA methylation and histone deacetylation. When taken together, these experiments reaffirm our initial observation that the inactive state can be maintained in growing cells even in the absence of methylation.
Discussion
Our results suggest that DNA methylation mediates rearrangement repression through several independent mechanisms. On the one hand, the presence of methylation clearly brings about local changes in histone modification (22, 23) , and this may be, in part, what causes methylated DNA templates to be packaged into a DNaseI-inaccessible conformation (29) . On the other hand, there is no question that histone deacetylation alone cannot account for all of the effects of DNA methylation, because TSA-mediated reacetylation was unable to induce transcription and rearrangement on a methylated template, even though this same exact treatment was shown to be effective after spontaneous removal of the original methyl groups (Figs. 5 and  6 ). It is interesting to note that although TSA works primarily by inhibiting histone deacetylase, this may be sufficient to bring about more comprehensive changes in chromatin structure by inducing DNaseI sensitivity (29) and by chemically preventing methylation at histone H3 lysine 9. Because most of the RSSs do not contain any CpG residues, it is unlikely that methylation acts directly to prevent the binding of rearrangement factors. Our results not only provide information for understanding how rearrangement is inhibited in nonlymphoid cells, but also shed light on the mechanisms that may be used to release the antigen receptor loci from repression to allow programmed recombination at its proper time during lymphoid development. The J region, for example, is both methylated and packaged within an inactive histone structure before rearrangement (6, 27) , and each of these impediments must presumably be removed during B cell development. Our experiments on transgenes further suggest that this process may be carried out by at least two independent mechanisms, and it is likely that this is also the case in vivo during normal development, because repression of the endogenous locus is also carried out by a synergistic mechanism (Fig. 6) .
It has already been demonstrated that immune-specific enhancers are required for demethylation of the receptor loci (15, (34) (35) (36) , and it is likely that enhancers also play a role in local Ig histone deacetylation (10, 24, 37, 38) . Indeed, these cis-acting sequences have been shown to be essential for both acetylation and rearrangement independent of their ability to bring about demethylation (10, 24, 39) , and even forced undermethylation by itself is not sufficient to induce recombination (16) . Conversely, several studies have suggested that treatment with drugs that inhibit histone deacetylases may be able to overcome the inhibitory effects of DNA methylation, but in these cases, the authors did not rigorously rule out the possibility that recombination actually occurred on a small number of unmethylated molecules (8, 25) . It should be noted that although our studies show that both demethylation and histone acetylation are necessary for rearrangement, it is not clear how these events take place in vivo. It is certainly possible that demethylation occurs first. However, it is equally likely that enhancer-mediated histone acetylation is (Table 2 ). (C) dm-cl2 was single-cell cloned to obtain dm-cl2Ј. Treated dm-cl2Ј cells were grown in the absence of TSA, subcloned, and then examined for EGFP transcription by RT-PCR as above. LM-PCR (see diagram) was used to detect DSB at the J1 RSS using ␣-actin as a control for DNA content. Southern blot analysis using four different methyl-sensitive restriction enzymes showed that the gene region is unmethylated in Dnmt1 Ϫ cells (data not shown).
the initial trigger and that this is followed by removal of the methyl groups (40) , which then leads to recombination.
One of the most fascinating findings in this article is that transfected DNA is able to maintain an inactive chromatin structure even in the absence of the original signals involved in the establishment of the repressed state. In the presence of DNA methylation, local histones alter their modification state through reactions that are probably mediated by methyl binding protein complexes that recruit histone modification enzymes such as deacetylases (23, 41) and methylases (42) . Because cells already have a simple mechanism for maintaining DNA methylation through replication, it is easy to understand how the inactive chromatin state is perpetuated from one cell generation to the next. Surprisingly, our results show that the inaccessible chromatin conformation initially laid down by the presence of methyl moieties can actually be maintained on its own, even after the methyl groups have been removed. This finding suggests that there must be a methylation-independent mechanism for genocopying epigenetic states onto newly made DNA molecules during replication. Although this phenomenon has been observed in other organisms (43, 44) , this represents the first demonstration of chromatin maintenance in mammals.
